Systematic experimental work and modeling efforts have been conducted to characterize the yield behavior of commercial aluminum alloys in the semisolid state. In this study, extensive compression experiments were performed to measure the yield stress of semisolid aluminum slurries at high solid fractions (0.5 to 1.0), and a cone penetration method was employed to measure yield stress at low solid fractions (Ͻ0.5). A functional relationship between yield stress and temperature/solid fraction has been established for these alloys. The effect of the processing route on the resultant yield stress of the material in the semisolid state was studied by evaluating commercial A356 billets manufactured via magnetohydrodynamic stirring, grain refining, and UBE's new rheocasting (NRC) processes, respectively. Detailed microstructure observations and image analyses reveal that the difference in yield-stress values among the alloys evaluated is intricately related to the semisolid structure. At a given solid fraction, the yield stress of semisolid slurries depends on microstructural indices (i.e., entrapped-liquid content, shape factor of the alpha phase, and the alpha particle size). In addition, numerical simulation results indicate that the finite yield stress of semisolid metals plays a significant role in determining the flow pattern during die filling. Depending on processing conditions, five distinct filling patterns (shell, disk, mound, bubble, and transition) have been identified and confirmed through experimental observations. Recent simulations demonstrate that the finite yield stress is also responsible for flow instabilities encountered in commercial forming operations, such as "toothpaste behavior." Specifically, most flow instabilities can be avoided by properly controlling processing parameters and the initial semisolid microstructure. A stability map that provides a control guide for semisolid processing has been developed and is presented.
I. INTRODUCTION
SEMISOLID metal processing of aluminum alloys is a relatively new technology having distinct advantages over traditional near-net-shaping technologies, such as low cycle time, increased die life, reduced porosity, and improved mechanical properties. As most novel technologies progress, commercial applications precede the development of the science base. Although there have been several successful commercialization campaigns with 356 and 357 Al-based alloys in the automotive industry (i.e., automobile wheels, engine brackets, brake master cylinders, etc.), [1] [2] [3] [4] [5] semisolid metal processing has not been widely adopted in the metal-casting industry. A fundamental knowledge base of the flow behavior of semisolid materials will allow one to establish the critical measures for process control.
Process robustness and quality-assurance measures are based on a thorough understanding of the rheological behavior of semisolid metal slurries. However, the sensitivity of the semisolid slurry to temperature variations, coupled with its history-dependent rheological properties, makes process control a challenge. In recent years, considerable efforts have been devoted to understanding the complex rheology of semisolid metal slurries. [6] [7] [8] [9] [10] The current understanding is based on the fact that under steady-state conditions, the semisolid slurry behaves as a shear-thinning (pseudoplastic) fluid, wherein the effective viscosity decreases with increasing shear rate. However, under rapid transient conditions, the semisolid slurry behaves as a shear-thickening fluid, i.e., where the effective viscosity increases with increasing shear rate. [6] [7] [8] [9] Specifically, at low shear rates, the semisolid slurry has a finite yield stress, similar to Bingham-type fluids.
A semisolid metal slurry is a mixture of liquid metal and solid particles attained either by lowering the temperature of the alloy melt into the two-phase range, or by heating the semisolid billet into the two-phase range. The latter is named the thixocasting route, and the former is termed the rheocasting route. The difference is that in the rheocasting route, the slurry is available at the instant the melt temperature is lowered; however, in the thixocasting route, one needs to apply a certain amount of stress for the semisolid slurry to flow. The solid particles have, predominantly, a globular shape during the reheating stage. In essence, the rheological behavior of semisolid metal slurries is similar to that of viscoplastic materials such as concentrated suspensions, pastes, foodstuffs, emulsions, and foams. This class of materials is characterized by the existence of a yield stress, which implies that the material behaves as a "solid" if the applied stress is below the yield stress; however, if the applied stress exceeds the yield stress, the material will flow and show liquidlike behavior.
The yield stress in a semisolid metal is the result of a continuous solid-skeleton matrix formed by welded particles, physical crowding of particles, or other interparticle interactions during processing. The presence of a distinct yield stress in a semisolid material significantly modifies its rheological behavior. Alexandrou et al. [10] numerically investigated the inertial, viscous, and finite yield-stress effects on the filling of semisolid materials in a two-dimensional cavity and showed that the filling pattern is significantly different when the yield stress is accounted for in the simulation. Five distinct flow patterns are identified in a wide range of Reynolds and Bingham numbers experienced in semisolid processing when a yield stress with an arbitrary upper limit of 70,000 Pa is considered. These are the shell, disk, mound, bubble, and transition filling patterns. More importantly, all these flow patterns have been observed by several researchers [11] [12] [13] [14] in semisolid 356 and 357 alloys. Recent studies by Alexandrou et al. [10, 15] have pointed out that the yield stress of semisolid metals is responsible for flow instabilities encountered in semisolid processing such as "toothpaste behavior," etc. Specifically, it was found that most flow instabilities can be avoided by controlling processing parameters, and a stability map has been developed for semisolid metal process control.
Although yield stress has a profound influence on the performance of semisolid metals during processing, currently there are no quantitative yield-stress data available for commercial semisolid aluminum alloys. In this particular work, systematic experiments have been carried out to characterize the yield behavior of aluminum alloys in the semisolid state. A relationship of yield stress as a function of temperature/ solid fraction, as well as processing method, has been established for these alloys. In addition, extensive microstructure observations and image analyses were conducted to understand the effect of various processing parameters on the observed yield behavior. The results of yield-stress measurements, along with analyses of the yield-stress effect on the rheological behavior of semisolid metals, are presented and discussed subsequently.
II. EXPERIMENTAL

A. Methodology
Although great efforts have been made to develop new measurement methodologies to characterize the yield stress of viscoplastic materials in recent years, there is no standard technique or instrument that is applicable for semisolid metals. There are several techniques, which are currently used to determine the yield stress of viscoplastic materials; these are based directly or indirectly on the general definition of yield stress as the limit between flow and nonflow conditions. Some examples of these techniques are stress relaxation/growth experiments, creep/recovery experiments, the static-equilibrium method, the vane method, oscillatory tests, etc. A detailed description and an analysis of these techniques have been presented. [16] Determining the yield behavior in semisolid metals is more difficult than in viscoplastic materials, because of several system constraints such as elevated temperatures and large variations in the solid fraction with varying temperatures. Different methods need to be used to characterize the rheological properties of semisolid metals within the twophase region, to take into account the increasing volume fraction of solid present with decreasing temperatures. In this study, two different methodologies were employed. The compression method was used to evaluate the yield stress of semisolid metals at high solid fractions ( f s ϭ 0.5 to 1.0), and a cone penetration technique was developed and utilized to measure yield stress at low solid fractions (f s Ͻ 0.5).
B. Compression Method
The experimental apparatus consists of an Instron universal testing machine with a high-temperature chamber, a dataacquisition system, as well as a high-speed television camera. The temperature chamber provides an accurately controlled environment, in which a high-speed convection fan ensures uniform distribution of temperature. The temperature variation in a sample during an experimental run is less than 1 °C in the temperature range investigated (545°C to 595 °C). Specifically, a transparent window in front of the chamber provides access for in-situ flow observations of the semisolid sample during compression. To ensure accurate measurements of applied force, two small load cells with maximum values of 100 and 500 N each were used.
Compression experiments were performed between two parallel plates, as illustrated in Figure 1 . In order to minimize friction, the plates and the end faces of the specimens were coated with a thin layer of boron nitride lubricant. At each temperature, at least three measurements were conducted to ensure repeatability. After compression, the specimen was water quenched and sectioned along the longitudinal and transverse sections for metallographic observation and image analysis.
For semisolid/viscoplastic materials, yield stress is a shearrate-dependent property. In principle, if the shear stress tends to a constant value when the shear rate is close to zero, this value is the "true" yield stress (i.e., Bingham yield stress). In practice, it is impossible to measure the shear stress at an actual zero shear rate, because each experimental apparatus has a low shear-rate limit. It is suggested that one should use as low a shear-rate value as possible to obtain the "true" yield stress. In our measurements, a low shear rate of 5 ϫ 10 Ϫ4 s Ϫ1 was used, and the yield stress was designated as the peak stress on the measured true stress-true strain curve.
To simulate the commercial heating cycles experienced in semisolid processing, a specific specimen reheating procedure was used. The procedure involved a two-step heating 
